Degeneration of retinal neurons is an underlying cause of several major types of blinding diseases, and effective therapies remain to be developed. The suppositive strategy of repopulating a degenerative retina with new cells generated onsite faces serious challenges, because the mammalian retina seems to lack the ability to regenerate itself or replace its lost neurons. We investigated the possibility of using a transcriptional factor with proneural activities to reprogram ocular tissue with regenerative capability to give rise to retinal cells. Transgenic mice were generated with DNA constructs that targeted the expression in the retinal pigment epithelium of proneural gene neurogenin1 from the promoter of Bestrophin1, or neurogenin3 from RPE65 promoter. Here we report the presence of ectopic retina-like tissue in some of the transgenic mice, young and aged. The ectopic retina-like tissue contained cells positive for photoreceptor proteins Crx, recoverin, red opsin, and rhodopsin, and cells positive for proteins that label other types of retinal neurons, including AP2α and Pax6 for amacrine cells, Otx2 for bipolar cells, and Brn3A for ganglion cells. The retina-like tissue often co-existed with darkly pigmented tissue positive for RPE proteins: cytokeratin 18, Otx2, and RPE65. The ectopic retina-like tissue was detected in the subretinal space, including two retinae co-existing in the same eye, and/or in the optic nerve or in the vicinity of the optic nerve head. On rare occasions, it was detected in the choroid and in the vicinity of the ciliary body. The presence of ectopic retina-like tissue in the transgenic mouse supports the possibility of inducing retinal regeneration in the mammalian eyes through genedirected reprograming.
Introduction
The neural retina is a thin tissue in the back of the eye and is responsible to initiate vision when the light enters the eye. In the retina, photoreceptor cells capture photons and generate electrophysiological signals. The signals are modulated by interneurons comprised of horizontal, bipolar, and amacrine cells and relayed by retinal ganglion cells to the brain for visual perception. Immediately outside the neural retina lies a single-layered, darkly pigmented, nonneural tissue-the retinal pigment epithelium (RPE), which plays important roles in retinal physiology. Retinal degeneration and RPE atrophy are the main causes of many common forms of visual loss, including retinitis pigmentosa, age-related macular degeneration, diabetic retinopathy, and glaucoma. The low quality of life of people with visual loss has spurred research interests in a wide range of potential therapeutic approaches, including retinal regeneration.
Naturally occurring regeneration from retinal stem cells would be ideal for producing new cells to repopulate a retina inflicted with degeneration. However, the presence of retinal stem cells in adult mammals remains elusive [1, 2] . The reported retinal stem cells in the ciliary margin of the mouse eye [3, 4] have been contested [5, 6] . This has stimulated expanding the search for stem-like cells for retinal regeneration into other ocular tissues/cells.
One of the ocular tissues being investigated is the RPE. Anatomically, the RPE would be a convenient source of new cells to repopulate a degenerative retina. Developmentally, the RPE and the retina share a common origin, the optic vesicle. Biologically, mammalian RPE, including that of human, is capable of two cellular events: proliferation and plasticity. It has been shown that in a mature eye a small population in the periphery RPE maintain mitotic activities [7] . The majority of RPE cells, while normally quiescent, can reenter the cell cycle to proliferate under certain physical and pathological conditions, such as retinal detachment [8] [9] [10] , physical stimulation [11] , and retinal injury or degeneration [12] [13] [14] . The proliferative response may result in RPE regeneration [15] [16] [17] [18] [19] and may lead to proliferative retinopathy when progeny cells transdifferentiate into cells with tractional force causing retinal detachment [20] . Experimentally, RPE-to-retina transdifferentiation can occur in RPE culture derived from very young mouse embryos [21, 22] and in vivo by gain-or loss-of function of genes involved in the fate choice of RPE vs. retina [23] [24] [25] [26] [27] [28] [29] . Nonetheless, this RPE-to-retina transdifferentiation capability seems lost in differentiated RPE, and no RPE remains after the transdifferentiation in vivo, thus diminishing its prospect as a potential approach to eliciting retinal regeneration to replace lost cells.
A gene-directed reprograming of differentiated RPE to serve as a potential source of new retinal neurons has been tested with chick and mammalian cells. Neurogenin1 (ngn1) and ngn3, members of the neurogenin subfamily of the basic Helix-Loop-Helix family of transcription factors and homologous to the Drosophila proneural gene atonal, can efficiently reprogram differentiated RPE cells of embryonic chick to develop into cells displaying molecular, morphological, and physiological properties of young photoreceptor cells, with small fractions of the product cells expressing markers of other types of retinal neurons [30] . Similar reprogramming also occurs in primary RPE cell cultures of juvenile pig and postnatal mouse and in human RPE cell line cultures [31] . In transgenic mice generated with DNA expressing ngn1 from the promoter of Bestrophin1 (P VMD2 -ngn1) or ngn3 from the promoter of RPE65 (P RPE65 -ngn3), photoreceptor-like cells were detected in the subretinal space in both young and aged animals [32] .
An even more audacious and elusive aim is to regenerate a retina in the mammalian eye. In Drosophila, targeted misexpression of eyeless (Pax6) produces ectopic eyes on the wings, the legs, and the antennae [33] . This has fueled attempts to elicit ectopic eye development in vertebrates using genes with key roles in inducing eye formation during development. Studies have shown that Pax6 [34] , Six3 [35] , and Six6 [36] each can promote the generation of ectopic optic vesicles or relatively normal looking eyes in restricted regions of the embryonic head in Xenopus (Pax6 and Six6) and medaka fish (Six3). Ectopic expression in the hindbrain-midbrain area of Six3 from Pax2 promoter leads to the formation of ectopic optic vesicle-like structures in about ½ of the transgenic mice [37] . Whether the optic vesicle-like structures remained or existed in adult mice is unknown.
To determine whether the P VMD2 -ngn1 and P RPE65 -ngn3 designs in generating transgenic mice [32] could promote the generation of retina-like tissue, we examined the eyes of the transgenic mice with histology and immunohistology. Here we describe the presence of ectopic retina-like tissue in the choroid, near the ciliary body, in the optic nerve, as well as in the native locale of the retina-the subretinal space and/or expanded subretinal space. The retina-like tissue was present in young and adult mice. Our data points to a possible approach to retinal regeneration in the mammalian eye.
Materials and Methods

Generation of transgenic mice
All experimental procedures involving the use of animals adhered to the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and were approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham (Permit Number: 140909197). All efforts were made to minimize suffering. Euthanization was carried out with CO 2 inhalation and cervical dislocation (young animals).
Transgenic mice were generated as previously described [32] . Briefly, the sequence (−585 to +38) of mouse Bestrophin1 promoter (P VMD2 ) and the sequence (−737 to 0) of mouse RPE65 promoter (P RPE65 ) were PCR amplified, cloned into pGEM-T, and sequence verified. P RPE65 (or P VMD2 ) was inserted into vector pCI replacing P CMV to drive transgene expression in the RPE. The coding sequences of human ngn1 and ngn3 were RT-PCR amplified and cloned into pGEM-T. After sequence verification, the coding regions were linked with P VMD2 and P RPE65 to generate pCI-P VDM2 -ngn1 and pCI-P RPE65 -ngn3, respectively, which were used to create potential founders at the University of Alabama at Birmingham Transgenic Facility. Transgenic animals were identified by PCR genotyping with DNA from tail snips.
Immunohistochemistry
Tissue preparation, cryosectioning, and immunohistochemistry were performed as previously described [32] . Briefly, eyes were enucleated after euthanization, fixed, and processed for cryosectioning. Cryosections of 10-12 mm were collected onto glass slides. Standard procedure of immunohistochemistry was followed. Primary, monoclonal antibodies included those against Brn3A ( 
Results
The underlying theme of the creation of P VMD2 -ngn1 and P RPE65 -ngn3 transgenic mice [32] was to use the proneural activities of ngn1 and ngn3 to channel RPE's proliferation and plasticity towards de novo generation of retinal neurons, particularly photoreceptor cells, as observed with cultured RPE cells derived from chick embryos [38] . The promoters of Bestrophin1 and RPE65 were used because they are primarily, although not exclusively, expressed in differentiated RPE cells [39, 40] . The design also considered temporal down-regulation of the transgene. Activating the transgene expression in RPE cells would result in the expression of genes that initiate a cascade of events leading to photoreceptor differentiation. As the cell switching its identity, the expression of RPE genes, including the transgene itself from the RPE promoter, would be suppressed. This would emulate the transient ngn1 and ngn3 expression during neurogenesis observed in the chick retina. In approximately 60% of offspring from~50% of founders, there are photoreceptor-like cells in the subretinal space [32] . The reason for the incomplete penetrance remains unclear. Attempts to correlate phenotypic manifestation with transgene expression proved to be in vain, with the design of targeting for a transient transgene expression as one of the potentially multiple causes for the unfruitful effort.
Retina-like tissue in the subretinal space DAPI staining of retinal cross-sections showed the presence in some of the P VMD2 -ngn1 and P RPE65 -ngn3 mice of extra piece of tissue with histological nuclear demarcation typical of the retina. In the eye of a 2-week-old P RPE65 -ngn3 mouse, a small piece of such tissue was detected at the posterior region (Fig. 1B , E, I, M). To examine whether the tissue was indeed retina-like, we carried out immunostaining of serial sections with antibodies that recognize distinctive proteins of cells in retina's three nuclear layers: the outer nuclear layer (ONL), the inner nuclear layer (INL), and the ganglion cell layer (GCL). Like the retina, the thickest nuclear layer of the extra tissue was labeled by antibody against recoverin, a protein involved in phototransduction in photoreceptors of the ONL (Fig. 1C, N) . The next layer contained cells positive for proteins typically expressed in INL neurons, including Otx2 in bipolar cells (Fig. 1F ), Pax6 in amacrine cells (Fig. 1G) , and AP2α in horizontal cells weakly and in amacrine cells in the INL and misplaced ones in the GCL (Fig. 1J) . The thinnest layer of the retina-like tissue contained cells labeled by antibody against ganglion cell protein Brn3A (Fig. 1K) . The three layers of the retinalike tissue were subsequently referred to as ONL-like, INL-like, and GCL-like, respectively.
The retina-like tissue was often associated with melanized or pigmented tissue (Fig. 1A , D, H, L). To examine whether the tissue was RPE-like, immunostaining with specific antibody against RPE65, a protein primarily expressed in the RPE [40] , was carried out. RPE65 + cells
were identified in the ectopic, melanized tissue ( Fig. 1O) . Notably, unlike the retina whose ONL resides proximal to the RPE, the GCL-like layer of the retina-like tissue localized proximal to the RPE. This reversed tissue polarity has been observed with the retina generated from the RPE through transdifferentiation [38, 41, 42] . Eyes of adult mice were then analyzed to examine whether they might contain retina-like tissue, regardless of the tissue either having survived into adulthood or being generated in adulthood. In a 2-month-old P RPE65 -ngn3 mouse, two retinae of similar sizes coexisted in the same eye (Fig. 2) . Each of the retinae showed the 3 distinctive nuclear layers (Fig. 2B, E) . The ONLs in both retinae were positive for recoverin (Fig. 2C, F) , and the INLs positive for AP2α (Fig. 2H) , Otx2 (Fig. 2G) , and Pax6 (Fig. 2G) . The GCLs were positive for ganglion protein Brn3A (Fig. 2H) , as well as for AP2α (Fig. 2H) and Pax6 (Fig. 2G) of misplaced amacrine cells. Like in the case of small piece of retina-like tissue (Fig. 1) , there was melanized tissue (Fig. 2A , D, I, L) between the two retinae. Immunostaining for RPE proteins showed positive signals with antibodies against RPE65 (Fig. 2K), cytokeratin 18 (Fig. 2N) , and Otx2 ( Fig. 2G; arrow) . Otx2, while being expressed in bipolar cells in a mature retina, is also expressed in the RPE, where it plays important roles in RPE differentiation and in maintaining RPE properties. Retina-like tissue in the subretinal space was less frequently observed in mice older than 5 months of age, even though we did detect its presence in a 13-month-old P VMD2 -ngn1 mouse that also contained substantial amount of darkly pigmented tissue in the optic nerve (see next subsection). We estimated that~10% of the transgenic mice displaying photoreceptor-like cells in the subretinal space [32] contained retina-like tissue, however small or large in sizes, co-existing with the retina in the same eye.
serial section under bright-field view (L), with DAPI nuclear staining (M), and with double immunostaining for photoreceptor protein recoverin (in green, N) and for RPE protein RPE65 (in red, O). RPE-L, RPE-like; ONL-L, outer nuclear layer-like; INL-L inner nuclear layer-like; GCL-L, ganglion cell layer-like. Scale bar (100 μm) in A also applies to B, C. Scale bar (100 μm) in D also applies to E-O. doi:10.1371/journal.pone.0116171.g001 The presence of retinal-like tissue in the subretinal space promoted the question whether there were Müller glia, astrocytes, and blood vessels in the retina-like tissue and in the retina. Immunohistological staining was performed with specific antibodies against glutamine synthetase (GS) expressed in Müller glia, cellular retinaldehyde binding protein (CRALBP) expressed in Müller glia (as well as in the RPE), and glial fibrillary acidic protein (GFAP) expressed in astrocytes and activated Müller glia, and antibody A10-33/1 against endothelial cells of blood vessels. In eyes with a relatively small amount of photoreceptor-like cells present in the subretinal space, CRALBP + and GS + Müller glia appeared normally present and distributed (Fig. 3 A-D), and so were GFAP + astrocytes and A10-33/1 + endothelial cells (Fig. 3 E-H) . Abnormalities were detected in the eye with two major retinae (shown in Fig. 2 ). In this eye, CRALBP + and GS + Müller glia appeared normally present at the regions proximal to the RPE, but became patchy, with areas lacking positive cells, in the centrally located region (Fig. 4) . In this region, a small piece of retinal tissue (arrow, Fig. 4 E-G) conspicuously lacked CRALBP and GS immunoreactivity. Notably, this region on a serial section showed strong anti-GFAP immunoreactivity (arrow, Fig. 5E, F) , an indication of Müller glia activation. In both of the two retinae, GFAP + astrocytes remained present, whereas A10-33/1 + endothelial cells' presence became scant (Fig. 5 ).
Retina-like tissue in the optic nerve and the vicinity of the optic nerve head
Outside the normal locale of the retina, retina-like tissue and/or RPE-like tissue was detected in the optic nerve and/or in the vicinity of the optic nerve region, in around 30% of the eyes with photoreceptor-like cells [32] . In the eye of a P19 P RPE65 -ngn3 mouse, DAPI staining showed a piece of densely populated tissue, a histological mark of the retina, in the optic nerve that is otherwise loosely populated (Fig. 6B , E, H, M). The highly populated region contained cells positive for photoreceptor proteins recoverin (Fig. 6C ) and red opsin and rhodopsin (Fig. 6F) , proteins responsible for capturing photon and initiating phototransduction process. The tissue also contained cells positive for proteins of INL neurons, including Otx2 of bipolar cells (Fig. 6I) , Pax6 (Fig. 6J) and AP2α (Fig. 6N ) of amacrine cells. Like in the retina, there was no overlap of Otx2 + and Pax6 + cells in the retina-like tissue (Fig. 6K) . Bright-field view showed the presence of highly melanized, RPE-like tissue in the region (Fig. 6A, D On rare occasions, retina-like tissue was detected in the vicinity of the optic nerve head (Fig. 8) . Regions with densely populated cells (Fig. 8B , E, H) were positive for red opsin (Fig. 8C) and rhodopsin (Fig. 8C) , bipolar protein Otx2 (Fig. 8I) , amacrine proteins AP2α (Fig. 8F) and Pax6 (Fig. 6I) , and ganglion protein Brn3A (Fig. 8F) .
Retina-like tissue in the choroid and the vicinity of the ciliary body
On rare occasions, we observed the presence of retina-like tissue at places with no apparent direct connection with the neural retina. In a 4-week-old P VMD2 -ngn1 mouse, a small stretch of cells expressing recoverin was detected in the choroid near the ciliary body (Fig. 9) . The recoverin + cells seemed attached to a layer of darkly pigmented cells. While the highly melanized cells at the region were negative for recoverin (arrowhead; Fig. 9 D-F) , some of weakly melanized cells were recoverin + (arrow; Fig. 9 D-F) . These lightly pigmented, recoverin + cells might be en-route to becoming photoreceptor-like from pigmented cells, as those in transitional stages in RPE-to-photoreceptor reprogramming described previously [32] . In this animal, a small piece of retina-like tissue was present exteriorly near the ciliary body (Fig. 10) . DAPI staining showed distinctive ONL-like and INL-like layers (Fig. 10B, E, H) . Cells in the ONL-like were immunopositive for photoreceptor proteins rhodopsin (Fig. 10C) , Crx (Fig. 10F) , a transcription factor important for photoreceptor differentiation and function, and recoverin (Fig. 10I) . In a littermate of the mouse with retina-like tissue present in the optic nerve (Fig. 6) , we observed retina-like tissue exterior to the eyecup (Fig. 11 A-C) . Like those at other ectopic locations, this retina-like tissue contained highly melanized tissue (RPE-like) and a demarcation of recoverin-positive, ONL-like layer and recoverin-negative, INL-like layer (Fig. 11 D-F) . Although possible, it is unlikely that this ectopic tissue was a processing artifact, because all serial sections had been viewed and no contact of this structure with the retina was seen. On the other hand, this ectopic tissue could possibly have originated from the vicinity of the optic nerve head region, as this animal was a littermate of those with retina-like tissue in the optic nerve.
Discussion
Retinal regeneration in the mammalian eye remains an elusive goal. In these experiments we showed the presence in P VMD2 -ngn1 and P RPE65 -ngn3 transgenic mice of tissues that displayed histological and molecular properties of the retina. The mouse retina consists of 3 nuclear layers, with the ONL being the thickest and the GCL the thinnest. These histological feature were displayed by the retina-like tissues, albeit sometimes a GCL-like layer was undetectable. The absence of GCL-like layer could be an underrepresentation due to its small size (thickness). It could also be a result of cell death from inflammation, reactive gliosis, lacking trophic supports normally derived from postsynaptic targets but absent for the retinal-like tissue, and lacking oxygen supply to maintain all retinal layers due to diminished blood vessels. Like in the retina, cells in the ONL-like layer expressed Crx, recoverin, red opsin, and rhodopsin, cells in the INLlike layer were positive for Otx2, AP2α, and Pax6, and cells in the GCL-like layer were positive for Brn3A. These data suggest that retina-like tissue was induced by ectopic ngn1 expression from the Bestrophin1 promoter and by ectopic ngn3 expression from the RPE65 promoter.
Anatomically, the retina-like tissue localized both within and outside the normal locale of the retina. There was substantial occurrence of retinal-like tissue present in the optic nerve region. It is possible that these retina-like tissue had originated from the retina and had migrated and/or extended into the optic nerve region. An alternative scenario is that it was produced from the optic nerve region, particularly the optic head region.
Rather remarkably, retina-like tissue at an ectopic location was detected in young and adult mice. In the adult animal, the tissue might be generated at a young age, including an embryonic stage, and survived well into adulthood. Alternatively, it was generated during adulthood. Either scenario is intriguing and warrants corroboration with further investigation. Perhaps equally interesting and important, the retina-like tissue was often associated with RPE-like tissue. Considering RPE's importance in retina's function and health, the coexistence of retina- like and RPE-like tissues enhances the possibility of exploring this reprogramming strategy in inducing functional, retinal regeneration in the mammalian eye. Keep in mind, however, functional regeneration also requires successful establishment of blood supply to the regenerated retina and integration of the new one into the existing visual circuitry.
Intriguing as they may seem, our data raise more questions than they answered. The two key ingredients in this study were proneural gene ngn1 or ngn3 and the cells that expressed the transgene under P VMD2 or P RPE65 ; neither is well understood. The selection of ngn1 and ngn3 was based on previous studies with the chick system. Ngn1 and ngn3 are found to be the frontrunners among more than 20 genes and factors tested in terms of efficiently reprogramming RPE cells to differentiate into cells displaying photoreceptor traits [30] . In the chick retina, ngn1 and ngn3 are transiently expressed in early developmental stages, when active cell proliferation and cell fate specification take place [43, 44] . Gain-of-function studies suggest that ngn3 promotes early retinal neurogenesis, and ngn1 is one of the downstream genes of ngn3 [43] . Currently, little is known about whether and how ngn1 and ngn3 participate in retinal neurogenesis in the mouse retina.
Despite of the design that aimed at targeting the transgene expression in differentiated RPE cells, the RPE might not be the source, at least not the sole source, of the ectopic retinal-like tissue. The transgenic mice analyzed in this study were created with the simple P VMD2 -ngn1 and P RPE65 -ngn3 DNA constructs, which lacked additional temporal and spatial regulatory elements for a tighter regulation of the transgene. Thus, the levels, the locales, and time of the transgene expression might have varied substantially. In addition, current information does not rule out the expression of Bestrophin1 and RPE65 outside the RPE, including in the developing retina and in Müller glia [45] , which has been shown to maintain certain progenitor properties and to give rise to neuronal cells under proper conditions. Müller glia appeared normally present in eyes with photoreceptor-like cells in the subretinal space, suggesting either Müller glia was not a significant source of the photoreceptor-like cells or Müller glia had regenerated itself in case some of its cells had taken on the path to photoreceptor. Activation (as indicated by strong GFAP immunoreactivity) and atrophy (as indicated by diminished GS and CRALBP immunoreactivity) of Müller glia were apparent at place dismal to the RPE in the eye with two co-existing retinae, heightening the importance of native environment to retinal health.
The scenario of RPE as one, although not necessarily the only, source of the retina-like tissue is consistent with published data. Stem-like cells with multi-potentials have been isolated from the RPE of human adults [46] . Cells seemingly amid RPE-to-photoreceptor transformation have been found in young and old P VMD2 -ngn1 and P RPE65 -ngn3 transgenic mice, and eyecup explants of "sclera+choroid+RPE" from adult P VMD2 -ngn1 and P RPE65 -ngn3 animals can generate, de novo, photoreceptor-like cells in culture [32] , providing direct support to the RPE giving rise to new photoreceptor-like cells.
When located in the subretinal space, the retinal-like tissue might displayed a reversed tissue polarity in regarding to the RPE, as observed in the classic RPE-to-retina transdifferentiation. However, unlike the classic RPE-to-retina transdifferentiation where the new retina is produced at the expense of the RPE, the RPE remained in our transgenic mice, as previously shown [32] . Furthermore, melanized tissues were often co-existed with the retina-like tissue regardless of the location. This implies the RPE might have the potential to give rise to both RPE cells (wound healing) and retinal cells under proper guidance.
The presence of retina-like tissue at ectopic locations, particularly in the optic nerve, the vicinity of optic nerve head, the choroid, and exterior to the eyecup and the co-presence of RPElike tissue with retina-like tissue imply the presence of progenitor-like cells, including those embedded inside the RPE. These progenitor-like cells had responded to ngn1 and ngn3 expression from P VMD2 and P RPE65 and had given rise to the new tissues. No information is available on the identities of these cells and whether they intrinsically remained multi-potential progenitor properties or such properties were bestowed by ectopic expression of ngn1 and ngn3. Indepth investigation with a wide scope is needed for a better understanding of the process before applying the strategy for retinal regeneration in the mammalian eye. 
